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Abstract. Inelastic scattering of the primary photoelectron by valence electrons is found to be
important in C K-shell photoexcitation of CO. Within the framework of the optical potential
concept and the quasi-atomic model, the performed calculatib@sko photoexcitation in CO

have shown that the photoelectron—valence electron (PEVE) correlations lead to (a) the decrease
of the single-hole ionization cross section in comparison with the absorption cross section right
above the photoelectron inelastic threshold, (b) an anomalous spectral dependence of both cross
sections at the threshold=302 eV) and (c) an upward shif&4(2.3 eV) of the shape resonance.

A comparison of the theoretical and experimentabideet al 1996 Chem. Phys. Let260223)

C K-shell absorption and single-hole ionization spectra gives evidence of the PEVE correlations.
The importance of higher-lying molecular metastable states in C K-shell photoexcitation of CO is
shown.

1. Introduction

Shape resonance phenomena in inner-shell absorption and ionization spectra of molecular
species have recently received increasing attention [1-8]. The single-electron approximation
lying at the heart of numerous shape resonance descriptions gives reasonable agreement with
experimental x-ray absorption cross sections (see, e.g., [9-11]). However, it is not clear
to what extent this approximation is valid. The recent experimental studies of C K-shell
photoexcitation [5] have demonstrated the existence of a deep gap at 301-303 eV in the single-
hole ionizationo{ ,(w) cross section of CO and the disappearance of the shape resonances
in o 1(w) clearly identifiable in the absorptiarg ,(w) cross section of §H, forn = 4,6

[7]. This unexpected spectral behaviour, not predicted by a one-electron description, allows
us to assume a noticeable assistance of valence electrons in C K-shell photoexcitation. The
autoionization of doubly excited C 1¥val~!7*1Ryd! states into the C 13 continuum is

taken in the work [5] as a probable candidate to rationalize it. In the present study another
process, direct knock-out (DKO) of valence electrons by the primary photoelectron, is regarded
as a plausible cause to help elucidate this spectral dependence.

The DKO process responsible for inelastic scattering of the photoelectron by outer
electrons and their emission and excitation [12] brings correlations to the behaviour of the
photoelectron and valence electrons (PEVE). In isolated atoms the DKO effect on inner-shell
ionization is not significant in comparison with that initiated by vacancy creation. In most
details the DKO effect is studied on the giant resonance in Xe and Ba above the 4d ionization
threshold, for which the 5p and 6s orbitals are regarded as outer shells [13, 14]. Asnaisia
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[13, 14] have demonstrated the decrease of the single-ionization cross section right above the
double-ionization threshold:

ot (w) ~ o¥(w) exp(—2Im A) 1)
wherew is the photon frequency and(E) is the phase shift due to the scattering of the
photoelectron with kinetic energy on the polarization potential, the imaginary part of which
is zero below the double-ionization threshold. At the transition to inner-shell excitations in
polyatomic aggregates, two reasons attract our attention to the DKO process. Firstly, the
integral coupling of the primary photoelectron with the extended outer subsystem becomes
much more effective and the probability of the subsystem being excited by the photoelectron
impact magnifies sharply. As a result thé ando™* cross sections can differ dramatically.
Secondly, shape resonances originating from intramolecular interference are expected to be a
sensitive probe of the phase shiftdependent on the polarization potential.

The influence of photoelectron energy losses on x-ray absorption fine structure of
polyatomic aggregates was considered in[15, 16], butthe DKO process has notbeen thoroughly
studied in these papers. This motivated the development of the quasi-atomic (QA) approach
to the DKO process and the model calculations of its effect on the spectral dependence of
absorption and single-hole ionization given in section 2. The use of an optical molecular
potential and the resemblance of DKO of valence shells to molecular electron impact excitations
are the key points in understanding the DKO effect on inner-shell excitations. The relations
obtained are applicable for excitations localized on atoms with upper shells not contributing
essentially to high occupied molecular orbitals (MO) of a compound. To evaluate the DKO
effect in practice, the calculated spectral dependence of C K-shell absorption and single-hole
ionization of CO is examined (section 3.1) and compared (section 3.2) with the experimental
spectra.

2. DKO effect

X-ray absorption and ionization in polyatomic systems are described as atomic processes, the
spectral and angular dependences of which are modified by the surroundings [2, 17, 18]. In the
framework of the QA model single core-hole ionization with excitation and double ionization
can be approximately divided into atomic and extra-atomic parts attributed to the core-ionized
atom and its surroundings. This partition is certainly allowed under the assumption that the
orbitals of the core-ionized atom do not play an essential role in the creation of high occupied
molecular orbitals. The extra-atomic part of the DKO process is illustrated in figure 1 with the
help of the quasi-atomic many-body theory diagrams [12—-14, 19]. In contrast to the atomic
DKO process [12—-14], the vacancieg, Land Val ! are now localized in different subsystems:

nolp € ionized core atom and Va surroundings. The different localization of the electron—
hole pairs makes it possible to assign the diagrams with extrinsic photoelectron losses due to
transfer of photoelectron kinetic energy to the surroundings.

Let us consider changes in initial (pre-scattered) photoelectron flux through a sphere of
radiusR around the absorber [17, 18]. They are determined by the electron-optical properties
of the surroundings. AR close to the radius of the atomic core, the changes inldhchannel
are equal to

Re[(1+BS)(1—- BS) Y|, . = Mj.(E). )
They give the variation of the spectral distribution of oscillator strengths fapgn— EIT
transition due to the surroundings effect. Outside the molecular regiRraR g (i.€. near
a detector) the changes

/|T(1— BS) = Mj(E) ©))
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Figure 1. The quasi-atomic diagrams responsible for the correlations in the behaviour of the
primary photoelectron and valence electrons.

describe the spectral dependence of the single-hole ionizaBog. {B;;r} andT = {Tj;r}
are the reflection and transmission matrices which collect all information on electron-optical
properties of the surroundingF, is an irreducible representation of the point group of the
core-ionized statéd,and!’ are photoelectron orbital momenta before and after interaction with
the anisotropic surroundings amtlis the scattering matrix of the absorber. Approximately
M (E) = o8y i (E) g aom(E) Wheresi | .om is regarded as the partial cross
section of absorption/ionization in an isolated absorlie= 0 andT = 1. The DKO process
in a free absorbing atom is considered to be insignificag. ., .om = eore s atom
Equation (2) shows that the spectral changes in x-ray absorption due to the surroundings
are entirely determined by th&, - amplitudes of waves reflected (back scattered) from the
surroundings, whereas the changes in photoelectron emission (equation (3)) depend in addition
on theT;,r amplitudes of waves transmitted through the surroundings. Without inelastic losses
|B(E)|?>+|T(E)|? = 1, the photoelectron current is independenk@ndM3. (E) = M (E).
But if the losses are taken into account this current becaRndependent and the spectral
behaviour of absorption and single-ionization cross sections differ from one another.
How do the extrinsic losses influence spectral properties of absorption and single-hole
ionization? To answer the question we introduce dissipation of the photoelectron current by

adding an imaginary part to the potential of the surroundings [20]
WOPNE, r) = W(E, r) —iU(E,r) 4)

(positiveU values refer to dissipation of the photoelectron current) and consider the relevant
changes in th@ andT" matrices and, then, in the;.(E) andM,.(E) functions. By utilizing

the zeroth-range potential approximation [21] to the environment atoms and by neglecting
the hybridization of the initial atomic partialwith other!’ waves, relationships between the
spectral dependences and the optical potential (4) can be simplified/!'Thdridization
mainly controls the angular [2] but not the spectral dependence of the photoelectron yield.
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The Byr(E) andTyr (E) amplitudes obey the equations

.0
ik Bur (E.r) = W[ + Bur (E. ne ]° (5)
;

. a _ _
2ik——Tur (E. r) = WOPTyr(E, r)g~[@" + Bur(E, r)g~]. (6)

Integrating them with the boundary conditions Bfir(E, Rmo) = 0 and Tj;r(b) = 1,

the amplitudes can be found analyticallg* and ¢~ are outgoing and incoming atomic

wavefunctions, respectively, with asymptoteexpti(kr — 1 /2)] wherek is a photoelectron

wavenumber. Coulomb attraction outside of the molecular sphere is neglected here. In

the approximations the spectral behaviour of the photoprocesses is dependent on the radial

distribution of surrounding scatters, their scattering length and the function of energy losses.
For the surroundings consistent in a single coordination spheReratlius the solution

of equation (5) gives

Bl=[1+222] " and  argB=2kR+¢=2AR+¢%+p=argB +p ()

where

1+
Z=—" B =tan 12z +y) —tan 1(2z) — tan1(y)
1+y2
U k
X = — = — — 3
k Ty YEE

Hereafter spectral dependences of magnitudes found without an imaginary part in the potential
(4) are denoted by the superscript 0 and the subséfiptare omitted. TheZ andg functions
characterize the coupling of elastic and inelastic chanils: 1,8 — 0andB(k) — B°(k)

in the limiting casd/ — 0. From equation (7), it follows that

|B| > |B°| if z<1 (8)
and
argB < argB° if W>o0. 9)

The solution of (6) is more complicated as it depends on the solution of equation (5). We mark
only the appearance of an exponentially damping factor

IT| ~ |T°|e™/? (10)

which gives the main change in photoelectron transmission. THeiangot discussed because
it influences the angular but not the spectral distribution of the photoelectrons.

In non-metals the DKO process arises above the single-ionization thregholkand
provokes irregular behaviour of both the cross sections at E,; + ¢, whereg is the energy
of the photoelectron inelastic threshold (IT). This IT feature is related to the Wigner—Baz effect
[22, 23] describing the changes in the elastic scattering amplitude near ITs.

As an illustration, typical spectral dependences|Bf and absorption and single-
hole ionization cross sections computed with the help of equations (2)—(10) for the model
WPOPY(E, R) potential are plotted in figure 2. Figuresa2and @) show changes imB|(E) and
o?(E) due to the increase of the imaginary part in the optical pote@idl/; < U, < Us)
with ¢ = 0. The real part is invariant and it is chosen to model two resonance features in
figure 2p). Their monotonic blue shift and non-monotonic changes of their maxima with
increasingl are seen. Figures @(and @) show spectral dependencesodfando™ at IT.

The transition from the bold curve to other curves in figure) 24 the ¢ vicinity describes
the irregular IT behaviour a8 (E) = U if E > ¢ andU(E) = 0if E < ¢. The breaks in
figures 2€) and () originate first of all from the additional phase shift They are indicated
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Figure 2. Model spectral dependences of i amplitude and>2 ando™ cross sections as a
function of photoelectron losses in the surrounding$| 8|, (b) o2, (| B°| ando2° are shown with
bold lines); 0< U1 < Uz < Us. (c) Shape resonance profiled® ando* atan IT ¢ = 6 eV) and
(d) o*(E) as a function of IT position|().

in both the absorption and ionization spectra much more effectivelja$ close to the energy
Esr of the shape resonance. In the case of weak surroundings for whighdeeendence in
the right-hand part of equation (6) can be neglected, the breaks come to nil and the exponential
damping in equation (11) dominates in the difference betwetandos* in accord with
equation (1).

The model calculations of the spectral dependence of absorption and single-hole ionization
cross sections as a function of the variable imaginary part initPf potential show that the
U rise leads to (a) the decreaseodf in comparison withr2, (b) the upward shifts feand
€*) of the shape resonance position in both spectra and (c) the complicated variation of shape
resonance intensity. Even if the imaginary part gives the main contribution to the optical
potential, the shape resonancesthstays clearly identifiable, but the shape resonanee'in
drops quickly and may disappear. From equations (2) and (3) it follows that

ot (k) ~ e A(z, Z) o¥(k) (11)
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whereA = (1+222)[Z(1+23)]". A — latk — oo, W — oo andU — 0. The
exponential damping of the photoelectron current outside the molecular region dominates the
o*:0?ratio. But for lowk the A function becomes important, sharply reducing the branching
ratio asA — 0 atk — O.

Thus, in addition to the exponential decrease of the single-hole ionization cross section
relative to that of absorption, extrinsic photoelectron losses lead to anomalous behaviour of
both cross sections at IT and the upward shift of the shape resonance energy.

3. C K-shell photoexcitation of CO

3.1. QA calculations

The spectral dependence of C K-shell absorption and single-hole ionization of CO at parallel
transitions §-channel) in the vicinity of the shape resonance is studied within the framework
of the model described above. As O 2p-orbitals play a dominant role in the upper valence
shells the low-energy electron impact excitations of CO can be taken approximately for the
surroundings excitations. Then, equations (2)—(7) withl&) potential determined by
using the electron impact cross sections of CO [24, 25] are applicable for the description
of the og  and o ; cross sections taking account of the extra-atomic DKO process. At
the level of this semi-empirical approach € K photoexcitation the effect of the C 1s
hole on outer shells is not taken into account. Thus, this approach gives the possibility to
examine the DKO effect on the spectral dependence taken separately from the C 1s vacancy
effect and to bridge the corresponding variations of the C K-shell absorption and single-hole
ionization with the electron impact excitation of metastable CO states studied in detail in
[24-28].

The calculated spectral dependendeS & photoexcitation of CO are plotted in figure 3.
Curve 1 exhibits two coincident dependences of absorptfbh and single-hole ionization
og’fsfound without multi-electron excitations. Curves 2 and 3 display the spectral dependences
of o€ ,;ando( 4 calculated taking into account the DKO process, but without the satellite
excitations due to the C 1s hole creation. The comparison of curves 1-3 demonstrates the
appearance of a different spectral dependence of these cross sections and highlights the
DKO effect on C K photoexcitation. All curves in figure 3 coincide with each other at
E < 6 eV, but differ strongly for higher energies. The extrinsic photoelectron losses result
in (a) shifts of~ 2.3 eV of the shape resonancedf ,(E) ando ,(E) to higherE, (b) the
decrease of thel ,(E) in comparison withvg ,(E) and (c) the appearance of new spectral
features— a sharp gap labelled ‘a’ at 6 eV and a weak maximum ‘b’ at 10 eV—in both cross
sections.

The characteristic feature ‘a’ attracts our main attention as its observation allows us to
verify most clearly the predicted DKO effect on the C K-shell photoexcitation. Let us consider
its origin. The current of trapped electrons by a CO molecule shows on two well resolved
intense maxima at 6 and 10 eV assigned by Mazgaal [26] to transitions from ground
X 1x* to excited &1T and b>x* molecular states, respectively. The electron impact excitation
cross section for all metastable states of CO starts sharply at 6 eV [24, 25]. *Thetate
with equilibrium geometry close to that of the ground state and well separated from all other
states, gives the dominant contribution to the total metastable cross section. As a reference,
potential curves of different electronic states of the CO molecule taken from the work [28] are
inserted in figure 3. On this background the ‘a’ feature indfig; ando( , cross sections is
attributed to the IT behaviour discussed above. It is the coupling of the ground state with the
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Figure 3. Shape resonances in C K-shell absorption and single-hole ionization spectra of CO.
Calculations: 1gé°ls andog(ig' 2, aé 19 3 oé 1s Spectra are given on a photon energy scale
with Ec 15 = 29608 eV [11]. Inset, some electronic states of the CO molecule produced from
data given in [29]).

a®Il state that causes the feature. Taking into account that the C K-shell ionization potential
Ec1s= 29608 eV [1] ands ~ 6.0 eV (the energy of the X=* — a®II transition) the ‘a’
feature is expected to lie at. ~ 302 eV. The spectral variations in tag ; ando? , cross
sections at highek are caused by the broad maximum of excitation of all metastable states at
~ 9 eV [24, 25] and a sharp peak~al0 eV assigned in the work [24] to the selected excitation

of the b®x* state.

3.2. Experimental data analyses

The experimental C K-shell single-hole ionization and absorption cross sections of CO [5]
are plotted in figures 4§ and b). The resemblance of the drastic variationogf;s () in

the interval 300-303 eV in figure dwith the calculated spectral dependencedf,is seen
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Figure 4. Experimental single-hole ionization cross sections for different vibrational stgtasd
absorption§) measured in the work [5]. The background of the satellite excitations is shown by a
dotted curve.

clearly. The difference~1 eV) between the measured position of the gap and calculated
frequency of the ‘a’ feature is explained by the effect of the C 1s vacancy on the energy of the
X1x* — a3 molecular transition. The gap staying practically constant for all vibrational
final states®) [5] supports our assignment of its origin to the IT behaviour. The small energy
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shift of the gap to lowew with increasing can be assigned to the molecular transition from
high vibrational states.

The IT behaviour of the shape resonance in C K-shell absorption of CO was predicted
in [30]. But a large contribution of satellite excitations to fép(a)) discussed earlier in
[31] obstructs the observation of the IT feature. The shake up, shake off and double 2e—
2h excitations generated by the creation of the core hole lead to the intrinsic photoelectron
losses. Theirimportance at 300-310 eV is seen clearly from the high-resolution electron yield
spectrum of CO [5] shown in figure Y, The intrinsic losses influence the intramolecular
interference of photoelectrons inside the surroundings, but should be much weaker than
extrinsic ones. Neglecting their coupling one can Wl (0) ~ 02,{(®) + Tsatelites
Then, curve 2 in figure 3 taken for the background of the satellite excitations demonstrates
the close resemblance with the characteristic behaviour of the experimental background in
the range 300-303 eV marked by the dotted curve in figubg 4This provides evidence
for the essential DKO effect on the C K-shell absorption cross section. Inspecting the
symmetry-resolved C K-shell absorption spectra of the CO molecule [32], a maximum at
302 eV built up from the mixture of non-totally resolved satellite peaks for perpendicular
transitions and a minimum at the same energy for parallel transitions are observed. These
spectra highlight the different origin of the extrema at 302 eV inlihend X channels. The
satellites are mainly accumulated in thiechannel, whereas the spectral dependence in the
¥ channel indicates the IT-like behaviour. This difference can be easily explained as the
DKO process occurs much more effectively for photoelectrons directed along the molecular
axis.

The analysis [5] of the fine structure of photoelectron lines corresponding to the different
doubly excited states at transitions from the rass@91 eV to the ranges 302 eV demonstrates
the population of high vibrational levels with molecular vibrations of smaller frequency. The
relevant changes are explainable if one were to include the assistance éfstade with a
larger equilibrium internuclear distance and a smaller vibration frequency [25] in molecular
dynamics of excited states at 302 eV. Furthermore, our analysis of the experimental single
C 1s! hole partial cross sections with respect to the model studies (section 2) have shown
that the PEVE correlations responsible for the inclusion are minimal for the final states with
v = 0 and increase for higher vibrational levels. The study [33] of Auger decay spectra
from the core-ionized C 13 state of CO at the shape resonance supports this conclusion.
However, in the range: 300-304 eV the > 1x" cross section is enhanced by doubly excited C
1s Val~r*1Ryd! states, which autoionize into the Cigontinuum [5]. The autoionization
current is not strong as the profiles of the doubly excited peaks do not indicate a noticeable
coupling with the continuum. But the uncertainty in its value makes impossible a precise
application of the model calculations to the experimental data for the determination of dynamic
characteristics of the molecular excitations.

4. Conclusion and final remarks

Inelastic scattering of the primary photoelectron by valence electrons resulting in their
excitation and emission causes the damping of the photoelectron current and the additional
phase shift of the photoelectron wave. Due to this phase shift the moving of the photoelectron
has to be regarded as correlated by valence excitations. The PEVE correlations change the
spectral dependence of the x-ray absorption and single-hole ionization cross sections. The
calculations of the C K-shell absorption and single-hole ionization of CO, taking into account
the DKO of the valence electrons but ignoring the core-hole effect on them, have demonstrated
the important role of the correlations. In comparison with the absorption cross section the
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single-hole ionization cross section drops right above the IT, the shape resonance in both
spectra shifts to higher energié€sg — EgR = ¢ Wheree ~ 2.3 eV, and both cross sections
behave irregularly ab. ~ 302 eV. Based on the resemblance of the C K-shell DKO process
to electron-impact excitation of CO it is shown that these spectral changes originate from the
essential contribution of the metastablg&lamolecular stateat C K photoexcitation at the
shape resonance. The comparison of the experimental [5] and calculated spectra supports
the important role of the PEVE correlations in C K-shell photoexcitation of CO. The present
method predicts a drastic variation in both absorption and single-hole ionization spectra at 301—
303 eV, providing clear evidence of the correlations. But it does not allow us to reproduce the
fine structure in the experimental spectra originating from the C 1s-hole effect on the valence
shells. The broad variation in the vicinity of 301-302 eV is interpreted as an IT behaviour of
both cross sections due to thé X* — a®IT molecular transition induced by DKO of valence
electrons by the photoelectron.

In spite of the valence excitations at the IT being very strong, a one-electron description
enables us to estimate the C K-shell absorption cross section reasonably. To understand this
‘contradiction’ let us take into account that the IT lies below the shape resonance, therefore the
DKO of valence electrons results in a gap in the absorption and single-hole ionization cross
sections. The satellite excitations will smooth the gap in absorption. Thus, the total effect of
the photoelectron and the core hole on valence shells indicates the cancellation of extrinsic
and intrinsic losses in x-ray absorption fine structure [34—36]. This cancellation disappears if
¢ > Esg as both the intrinsic and extrinsic losses give rise tostfi@) cross section.

The PEVE correlations are expected to influence the angular dependence of C K
photoexcitation. Since the DKO of valence shells is maximal for photoelectrons directed
along the C-O axis, the PEVE correlations can be associated with repulsion between the
photoelectron in th&-channel and electrons occupying the 0. Taking the configuration
10220230%40%50 1n*2n of the a1 state [37] into account, one can see that moving
the photoelectron through the molecular region provokes #éBr excitation. The &Il
state, having a large electric dipole momentum of 1.38 D [24], favours the spd-hybridization
which controls the angular distribution of the photoelectrons [2, 8]. Besides, the transfer of
angular momentum to the residual molecular ion will provoke essential changes in the angular
distribution of the emitted electrons.

The importantrole of the PEVE correlations in understanding the shape resonance energy—
bond-length correlations in chemical compounds could be mentioned. The shape resonance
occurring at 305 eV in the photoabsorption spectrum [5] is also prese@tﬁjﬁ’(w), but its
energy shifts fronr 307 eV forv = 0 to~ 302 eV forv = 3. This downward shift of the
Esr energy for high vibrational levels is not surprising. From the QA view [13], the shape
resonance approaches the s* resonance and they both converta C 1s'2p resonance
with increasingRco distance. Determining th&Rc_o for differentv levels in the potential
curve for the X! =* state [25], thed Esr/d Rc_o derivative is found to be approximately three
times larger than the slopeo of the linear functiorEsgr(lco), giving the energy position of the
shape resonance on C—O bond lengths in the series of chemical compounds [38]. Even if the
e shift of the shape resonance is taken into accounty B/ Rc_o andkco values describe
the essentially differenEsg(Rco) and Esg(lco) dependences. ThEsg(lco) dependence is
caused mainly by changes in electron density distribution characterizing C—O bonding in the
series of compounds. In contrast to this dependence, chemical effects come to nil for the
Esr(Rco). It is important for both dependences that thig value cannot be assigned to
the equilibriumRco distance of the ground electronic state. Due to the coupling with other
metastable states th&sg value must be regarded as a function of two (or more) equilibrium
distances: Esg ~ f (R0, R&o) referring to the X =* and &IT molecular states. It is
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suitable to mention here that the PEVE correlations may also help explain the' GHape

resonances’ disappearance in single-hole ionization spectra of the hydrocagbigme@rted
in [7].
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